Context: Sepsis is a common, expensive, and frequently fatal condition that is associated with as many deaths annually as is acute myocardial infarction. Evidence Acquisition: Sepsis could alter different pathways and cause inflammation, coagulation, apoptosis, and mitochondrial oxidative stress and dysfunction. This review focuses on new prognostic biomarkers of mortality due to mitochondrial oxidative stress in septic patients. Results: Recently some biomarkers of mitochondrial oxidative stress have been associated with prognosis in septic patients; they include circulating levels of malondialdehyde, total antioxidant capacity, melatonin level, platelet level of cytochrome c oxidase (COX) or mitochondrial respiratory complex IV, and mitochondrial deoxyribonucleic acid (mtDNA) haplogroup. Conclusions: Some biomarkers of mitochondrial oxidative stress (e.g. circulating levels of malondialdehyde, total antioxidant capacity, melatonin level, platelet level of COX, mtDNA haplogroup) have been recently associated with mortality in septic patients. These biomarkers could assist in the prognostic classification of septic patients and open new research lines in their treatment.
Context
Sepsis represents the immune system's systemic response to infection. Severe sepsis is a common, expensive, and frequently fatal condition that is associated with as many deaths annually as is acute myocardial infarction (1, 2) . In the USA, the average cost per sepsis case is estimated at $20,000, with a total national cost of $16.7 billion per year. Hospital mortality rates due to sepsis are around 29%, with 215,000 deaths per annum in the USA (2).
Evidence Acquisition
Sepsis could cause alterations in different pathways and result in inflammation, coagulation, apoptosis, and mitochondrial oxidative stress and dysfunction. This review focuses on new prognostic biomarkers of mortality risk in septic patients due to mitochondrial oxidative stress.
Results

Circulating Levels of Malondialdehyde
Sepsis is characterized by a hyperoxidative state (3) (4) (5) (6) (7) (8) (9) , which results from an imbalance between oxidants, such as reactive oxygen species and reactive nitrogen species, and antioxidant compounds, such as glutathione reductase and superoxide dismutase. This hyperoxidative state damages lipids and proteins, impairs normal cellular function, and induces apoptosis.
Oxidative stress induces the peroxidation of membrane lipids, which generates a variety of decomposition end products such as malondialdehyde (MDA). MDA is a lowmolecular-weight aldehyde that results from free radical attacks on polyunsaturated fatty acids during the degradation of cellular membrane phospholipids. MDA is released into the extracellular space and finally into the blood; it has, therefore, been used as an effective biomarker of lipid oxidation (8, 9) .
The oxidant and antioxidant state in septic patients has been assessed only in small series (10) (11) (12) (13) (14) (15) (16) (17) (18) . A high antioxidant state, determined by different compounds, has been found in non-surviving septic patients by comparison with their surviving counterparts (10) (11) (12) . Also, high serum MDA levels have been detected in septic patients vs healthy controls (13) (14) (15) (16) . In this regard, Ogilvie et al. (13) studied 12 severely septic patients and found that serum MDA levels were higher in non-surviving septic patients than in surviving ones; however, the sample size was too small to demonstrate whether there was an association between serum MDA and mortality in severely septic patients.
In a study conducted by our team (with a larger sample size and comprising 228 severely septic patients), serum levels of MDA were higher in severely septic patients than in healthy controls and serum MDA levels were higher in non-surviving septic patients than in surviving ones upon the diagnosis of severe sepsis. The novel findings of our study were comprised of associations between serum MDA levels and several indicators of severity in sepsis (viz, lactic acid levels, sequential organ failure assessment [SOFA] score, acute physiology and chronic health evaluation II [APACHE-II], international normalized ratio, activated partial thromboplastin time, tumor necrosis factor alpha [TNF-α], interleukin-10 [IL-10]) upon the diagnosis of severe sepsis and also associations between serum MDA levels upon the diagnosis of severe sepsis and mortality in septic patients (19) . Our Cox regression analysis revealed that MDA serum levels were associated with survival at 30 days (hazard ratio, 1.05; 95% confidence interval [CI], 1.009 to 1.091; P = 0.016) after controlling for age, lactic acid levels, APACHE-II, and activated partial thromboplastin time. In the Kaplan-Meier survival analysis, we found that patients with serum MDA levels higher than 4.11 nmol/mL had a lower probability of survival at 30 days (log-rank, 18.1; hazard ratio, 2.4; 95% CI, 1.49 to 3.94; P < 0.001) than patients with lower levels. The receiver operating characteristic (ROC) analysis showed that the area under the curve of serum MDA levels to predict 30-day survival was 0.62 (95% CI, 0.56 to 0.69; P = 0.002).
Afterward, we sought to analyze serum MDA levels during follow-up. In another study by our team on 328 severely septic patients (to our knowledge, the largest series providing data on oxidative stress in septic patients), we reported novel findings as follows: (a) septic patients showed higher MDA serum levels than did healthy controls during the first week post diagnosis, (b) non-survivors exhibited persistently higher serum MDA levels than did survivors during the first week post diagnosis, and (c) there was an association between serum MDA levels and several indicators of severity in sepsis (including lactic acid and the SOFA score) during the first week post diagnosis (20) . Previous studies have reported a positive correlation between MDA and severity in septic patients (16) (17) (18) . Andresen et al. (16) reported that there was a positive correlation between peak MDA and peak lactate levels and that the peak MDA level occurred at 72 hours; however, there was no correlation at day 1. In a study by Goode et al, patients with 3 or more failing organs showed higher MDA levels than did patients with fewer failing organs (18) . Thus, the new finding of our study was a positive correlation between serum MDA levels and sepsis severity at day 1 and during the first week following diagnosis.
Our findings indicate that non-surviving septic patients have a higher hyperoxidative state and that this clinical situation may progress to cellular dysfunction, organ failure, and finally death.
Circulating Levels of Total Antioxidant Capacity
In the strategy to maintain redox balance, antioxidant compounds within cells and in extracellular fluids can be upregulated and mobilized to neutralize the excessive formation of reactive oxygen species. Antioxidant compounds are transported and redistributed by the blood to every part of the body (21) and exert their function by receiving an electron from a radical or donating an electron to a radical with the consequent formation of stable products. Antioxidant compounds do not work alone, but rather they establish complex interactions with one another (22) . Accordingly, the measurement of total antioxidant capacity (TAC) in the serum or plasma may yield better information on the patient's antioxidant status than that obtained from measuring concentrations of individual compounds (23) .
Circulating TAC levels have been assessed in critically ill patients (24) (25) (26) (27) (28) and severely septic patients (10, 12, (29) (30) (31) in studies with limited numbers of subjects and with contradictory results. Moreover, no association has been found between serum TAC levels and mortality in patients with sepsis. In a study carried out by our team on 213 severely septic patients (to our knowledge, the largest series providing data on serum TAC in septic patients), we found that serum TAC levels were higher in non-survivors than in survivors. The novel finding of our study was that serum TAC levels were associated with mortality in severely septic patients (32) . Our Cox regression analysis revealed that serum TAC levels were associated with survival at 30 days (hazard ratio, 1.50; 95% CI, 1.16 to 1.94; P = 0.002) after controlling for lactic acid levels, APACHE-II score, and renal failure. The ROC analysis showed that the area under the curve of serum TAC levels to predict 30-day survival was 0.61 (95% CI, 0.545 to 0.680; P = 0.04). In the Kaplan-Meier survival analysis, we found that patients with serum TAC levels higher than 2.80 mmol/L had a lower probability of survival at 30 days (log-rank, 7.5; hazard ratio, 2.1; 95% CI, 1.03 to 4.28; P = 0.006) than did patients with lower levels. Additionally, we found a positive correlation between serum TAC and MDA levels (rho, 0.16; P = 0.02). These data suggest that the increased antioxidant capacity observed in non-survivors is a host response to severely propagating oxidative stress. These findings indicate that non-surviving, compared to surviving, septic patients have an increased production of oxidant species and that the increased antioxidant capacity attempts to compensate for the high production of free radicals to maintain the balance between the oxidant and antioxidant state. Nonetheless, in non-surviving septic patients, this increased antioxidant capacity is not enough to compensate for the high production of oxidant species leading to high peroxidation and finally organ dysfunction and death.
Circulating Levels of Melatonin
Melatonin is a lipophilic amino acid derived from tryptophan and is synthesized by the pineal gland with a circadian rhythm with high values during the night time and low values during the day time. Additionally, melatonin is synthesized in other organs such as the retina, gastrointestinal tract, and thymus as well as in bone marrow and lymphocytes, but without circadian rhythm. Melatonin has a very short half-life and is predominantly metabolized to 6-sulfatoxymelatonin in the liver and is excreted in urine. Melatonin is involved in the regulation of sleep; moreover, it has anti-inflammatory, antioxidant, and antiapoptotic effects and preserves mitochondrial function (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) .
However, melatonin in septic patients has been scarcely explored only in studies with small sample sizes (maximum 20 patients) and the findings appear contradictory (44) (45) (46) (47) (48) (49) (50) . In a study on 14 septic patients, there was a negative correlation between the APACHE-II scores and serum melatonin levels (48) . In contrast, in another study on 20 septic pediatric patients, serum melatonin concentrations were higher in septic patients than in controls, and in non-surviving septic patients than in surviving ones (47) .
In a study performed by our team on 201 severely septic patients (to our knowledge, the largest series providing data on serum melatonin levels in septic patients), we found that non-survivors had higher serum levels of melatonin, MDA, and IL-6 than did survivors. The novel finding of our study was that serum melatonin levels were associated with severity, oxidant state, inflammatory state, and mortality in septic patients (51) . In the ROC analysis, we found that the area under the curve of serum melatonin levels to predict 30-day survival was 0.66 (95% CI, 0.583 to 0.730; P < 0.001). Our Kaplan-Meier survival analysis revealed that the risk of death in septic patients with serum melatonin levels higher than 19.5 pg/mL was higher than that in patients with serum melatonin levels lower than 15.6 pg/mL (hazard ratio, 2.3; 95% CI, 1.34 to 3.93; P < 0.001). In the multiple logistic regression analysis, we found that serum melatonin levels were associated with 30-day mortality (odds ratio [OR], 1.022; 95% CI, 1.001 to 1.043; P = 0.04), controlling for serum TNF-α levels, serum IL-6 levels, and age. In addition, serum melatonin levels were positively associated with serum levels of MDA, IL-6 and lactate levels, and the SOFA score.
These findings indicate that in non-surviving septic patients, with increased inflammatory and oxidative state, the increase in serum melatonin levels is insufficient to compensate for this undesirable situation.
From a therapeutic perspective, the development of the modulators of the antioxidant and oxidant state could be used as a new class of drugs for the treatment of severe sepsis. In this regard, melatonin has different potential benefit effects (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) . Melatonin exhibits anti-inflammatory effects because it decreases the liberation of proinflammatory cytokines (e.g. IL-6, IL-8, TNF-α) and increases the liberation of anti-inflammatory cytokines (e.g. IL-10). Melatonin also has an antioxidant effect in that it causes the upregulation of several antioxidant enzymes (e.g. glutathione reductase) and is a potent scavenger of reactive oxygen species. In addition, melatonin has an antiapoptotic action inasmuch as apoptotic cell death could be activated by the intrinsic or mitochondrial pathway by reactive oxygen species and melatonin has an antioxidant action. Furthermore, the antioxidant effects of melatonin also prevent reactive oxygen species from damaging mitochondrial deoxyribonucleic acid DNA (mtDNA) and the mitochondrial respiratory enzyme complex. In rats, the administration of melatonin has been shown to reduce MDA levels, increase the levels of other antioxidant compounds (e.g. glutathione reductase, superoxide dismutase), improve mitochondrial function, decrease TNF-α and IL-6 levels, decrease nitric oxide, reduce biochemical markers of organ dysfunction, and increase survival rates (52) (53) (54) (55) (56) (57) (58) (59) (60) . In patients, the use of melatonin has reduced MDA serum levels in asphyxiated newborns (61), septic newborns (50), and adult burn patients (62) . In a study by Fulia et al. (61) 20 asphyxiated newborns were randomized to receive melatonin: Patients treated with melatonin showed lower serum levels of MDA and nitrite/nitrate (associated with vasodilatation) levels. In a study by Gitto et al. (50) , 20 septic newborns were randomized to receive melatonin: Those treated with melatonin showed lower serum levels of MDA and 4-hydroxylalkenals (another lipid peroxidation product). In a study by Sahib et al. (62) , 180 burn patients were randomized to receive different antioxidants (viz, vitamins E and C, zinc sulfate, allopurinol, melatonin, N-acetylcysteine): Patients receiving antioxidants showed lower serum MDA levels, higher levels of glutathione (a natural antioxidant), and lower mortality rates.
Platelet Levels of Cytochrome C Oxidase or Mitochondrial Respiratory Complex IV
The results of different studies have suggested that another physiopathological mechanism that occurs in sepsis is the impaired cellular oxygen utilization, known as cytopathic hypoxia (63) . In this regard, elevated levels of skeletal muscle PO 2 have been found in patients with severe sepsis (64, 65) . Moreover, non-survivors of sepsis exhibit impaired capacity to increase tissue oxygen consumption in response to a rise in oxygen delivery (66) .
Cytopathic hypoxia is caused by the deregulation of oxygen metabolism due to impaired cellular oxygen utilization secondary to mitochondrial dysfunction. Most of the cellular oxygen delivered to tissues is used by the mitochondrial respiratory chain of the oxidative phos-phorylation (OXPHOS) system to produce ATP. There are 5 respiratory chain enzyme complexes required for ATP production by the OXPHOS system: nicotinamide adenine dinucleotide dehydrogenase-coenzyme Q10 oxidoreductase or complex I, succinate-coenzyme Q10 oxidoreductase or complex II, cytochrome c oxidoreductase or complex III, cytochrome c oxidase (COX) or complex IV, and ATP synthetase or complex V. In particular, COX or mitochondrial respiratory complex IV is responsible for most of this oxygen consumption.
The function of the OXPHOS system in septic patients has been analyzed only in studies with small sample sizes (fewer than 40 septic patients and 40 control subjects), and the results are demonstrably inconsistent (67) (68) (69) (70) (71) (72) (73) (74) (75) (76) (77) (78) (79) (80) (81) (82) . Some studies have found lower activity of different mitochondrial respiratory complexes in septic patients than in control subjects in muscle biopsies (ie, biceps brachii, triceps brachii, vastus lateralis, serratus anterior), peripheral blood mononuclear cells, and circulating platelets. Some other studies have reported a decrease in mitochondrial inner membrane potential in peripheral blood mononuclear cells and circulating platelets in septic patients vs control subjects. In addition, there have been investigations reporting low oxygen consumption in muscle biopsies and in peripheral blood mononuclear cells in septic patients vs control subjects, whereas some others have found high oxygen consumption in circulating platelets and peripheral blood mononuclear cells in septic patients vs control subjects. Moreover, the small sample size of all those studies precluded the establishment of an association between the function of the OX-PHOS system and mortality in septic patients. We carried out a study to determine COX activity and quantity in a larger series of septic patients (comprising 96 severely septic patients) and to avoid the need to obtain biopsies from critically ill patients. We drew upon a less invasive protocol using circulating platelets. The main finding of our study was an association between platelet COX activity and COX quantity determined upon the diagnosis of sepsis at a 6-month survival (83) . We found that the area under the curve of the COX quantity to predict 6-month survival was 0.67 (95% CI, 0.56 to 0.76; P = 0.003). Our Kaplan-Meier survival analysis showed that patients with a COX quantity higher than 1.88 had a higher survival rate at 6 months than did patients with a lower ratio (risk ratio, 1.89; 95% CI, 1.20 to 3.02; P = 0.01). In the logistic regression analysis, we found that COX quantity (P = 0.02) and COX activity were associated with survival at 6 months (P = 0.04) controlling for the SOFA, or for lactic acid and age. Another interesting finding of our study was a positive correlation between COX activity and COX quantity (rho, 0.74; P < 0.001). These findings indicate that the decreased COX activity in non-survivors is not due to higher direct inhibition, but rather it is in consequence of lower levels of the enzyme. Another interesting finding of our study was that citrate synthase (a mitochondrial density) activities were higher in nonsurviving than in surviving patients, which indicates that non-surviving individuals had impaired mitochondrial function and that they tried to compensate for the deficit in energy production by increasing mitochondrial density. Another new finding of our study was a significant correlation between platelet COX quantity and the SOFA score (rho, -0.22; P = 0.036).
Thereafter, we sought to analyze platelet COX activity during follow-up. In another study by our team on 198 severely septic patients (to our knowledge, the largest series providing data on the oxidative state in septic patients), we revealed that septic patients who survived 1-month had higher platelet COX activity upon sepsis diagnosis and during the first week than did non-survivors and that platelet COX activity upon sepsis diagnosis and during the first week was associated with mortality, controlling for the SOFA and lactic acid (84) .
In another study carried out by our team, we revealed primarily that surviving and non-surviving severely septic patients showed lower platelet COX activity than did healthy controls during the first week following severe sepsis diagnosis (85) .
Probably, platelet COX activity is not the factor that determines death in severe sepsis patients. Furthermore, the lower platelet COX activity in non-surviving sepsis patients probably mirrors a similarly low COX activity in other organs, and this situation in other organs leads to the death of the patient.
From a therapeutic perspective, patients with lower COX activity could benefit from drugs that improve mitochondrial function. In some animal models, the administration of COX (86, 87) , caffeine (88), or glutamine (89) increased COX activity, cardiac function (86, 88, 89) , and survival (87, 88).
Determination of Mitochondrial Deoxyribonucleic Acid Haplogroup
Septic mitochondrial dysfunction occurs as a result of oxidative stress because reactive oxygen species damage mitochondria. In addition, mtDNA can influence the survival of septic patients, possibly due to the impact of mtDNA on mitochondrial function. The influence of mtDNA on the survival of septic patients has been scarcely studied (90) (91) (92) (93) .
In a study by Yang et al. (90) on 181 Chinese septic patients, the results revealed that patients with mtDNA macrolineage R (including mainly haplogroups B and F) had a higher 6-month survival rate than did patients with other macrolineages.
In a study by Baudouin et al. (91) in England on 150 septic patients, the results demonstrated that patients with mtDNA haplogroup H had a higher 6-month survival rate than did patients with other haplogroups. Haplogroup H was a haplogroup of the macrolineage R, and the other haplogroups found in macrolineage R were U, V, J, and T. Nevertheless, the authors did not find haplogroups B and F which were obtained in the Chinese study.
In a study by our team on 96 septic patients in Canary Islands, we found that septic patients with mtDNA haplogroup JT had a higher survival rate than did those with other mtDNA haplogroups (92) . In addition, we found that septic patients with mtDNA haplogroup JT had higher platelet COX quantity during the first week following sepsis diagnosis than did those with other mtDNA haplogroups.
Subsequently, we tried to validate our results and analyze another series of patients. The results of our study (to our knowledge, the largest series providing data on mtDNA and survival in septic patients comprising 96 patients of the first series and 196 patients of the second series with a total of 292 patients) confirmed that haplogroup JT septic patients had increased 30-day and 6-month survival by comparison with non-JT haplogroup patients (93) . In the multiple logistic regression analysis, we found that mtDNA haplogroup JT was associated with higher survival at 30-days (OR, 0.38; 95% CI, 0.15 to 0.95; P = 0.04) and 6 months (OR, 0.40; 95% CI, 0.17 to 0.90; P = 0.03) after controlling for age, sex, serum IL-6 levels, and the SOFA score. Our KaplanMeier analysis demonstrated that patients with mtDNA haplogroup JT had a higher survival rate at 30 days (logrank test, 5.84; P = 0.016) and 6 months (log-rank test, 7.90; P = 0.005) than did patients with other haplogroup. In addition, there were no statistically significant differences between J and T sub-haplogroups in survival at 30 days (8/11 [72. There are data showing that, under stress conditions, IL-6 mRNA is expressed more in H than in J cybrid cells (94) . In addition, circulating IL-6 levels have been associated with mortality in septic patients (95) . One possible explanation for this higher survival rate in patients with haplogroup JT could be a lower inflammatory response. Cybrids are cell lines that share the nuclear genetic background and only differ in the mtDNA genotype. In addition, it is known that mtDNA genetic variation can alter the expression of nuclear genes. Thus, phenotypic differences between those cybrid cells must be due to the mtDNA genotype. We investigated whether haplogroup JT patients showed lower serum IL-6 levels and found no differences in serum IL-6 levels between different mtDNA haplogroups. Nonetheless, we found an association between serum IL-6 and mortality in our septic patients, as was previously described.
Conclusions
In conclusion, some biomarkers correlated with mitochondrial oxidative stress and dysfunction (e.g. circulating levels of MDA, TAC, melatonin level, platelet level of COX, and mtDNA haplogroup) have been recently associated with mortality in septic patients. These biomarkers could assist in the prognostic classification of patients and, thus, open new research lines in their treatment.
